ABSTRACT: Histology and backscatter scanning electron microscopy (bSEM) are the current gold standard methods for quantifying bone-implant contact (BIC), but are inherently destructive. Microcomputed tomography (mCT) is a non-destructive alternative, but attempts to validate mCT-based assessment of BIC in animal models have produced conflicting results. We previously showed in a rat model using a 1.5 mm diameter titanium implant that the extent of the metal-induced artefact precluded accurate measurement of bone sufficiently close to the interface to assess BIC. Recently introduced commercial laboratory mCT scanners have smaller voxels and improved imaging capabilities, possibly overcoming this limitation. The goals of the present study were to establish an approach for optimizing mCT imaging parameters and to validate mCT-based assessment of BIC. In an empirical parametric study using a 1.5 mm diameter titanium implant, we determined 90 kVp, 88 mA, 1.5 mm isotropic voxel size, 1600 projections/180˚, and 750 ms integration time to be optimal. Using specimens from an in vivo rat experiment, we found significant correlations between bSEM and mCT for BIC with the manufacturer's automated analysis routine (r ¼ 0.716, p ¼ 0.003) or a line-intercept method (r ¼ 0.797, p ¼ 0.010). Thus, this newer generation scanner's improved imaging capability reduced the extent of the metal-induced artefact zone enough to permit assessment of BIC. ß
Successful integration of orthopaedic and dental implants with osseous tissue requires the formation of a direct interface between living bone and implant, a process known as osseointegration. 1 Osseointegration is measured via quantification of the amount of bone in direct contact with an implant, often called boneimplant contact (BIC). BIC is accepted to be an important predictor of the strength of implant fixation and has been extensively studied via several techniques that are inherently destructive to the test sample, precluding subsequent additional analyses.
Light microscopy [1] [2] [3] and backscatter scanning electron microscopy (bSEM) 1, [4] [5] [6] are the current gold standards for quantifying BIC. However, these techniques require extensive sample processing, including resin or plastic embedding, sectioning, and surface preparation (grinding and polishing). Thus, these destructive techniques do not allow for direct correlations to be made between BIC and the important functional parameters of implant fixation strength. Additionally, artefacts introduced during the processing steps may not be easily discernable and neither technique allows for three-dimensional visualization of the bone-implant interface. Assessment of BIC by micro-computed tomography (mCT) presents a potential alternative approach which would allow for threedimensional, in situ visualization of the bone-implant interface while preserving that interface for other assessments.
BIC measurements using mCT have been reported, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] but only a few studies have attempted to validate the technique. 12, 13, 18, 20 The validation reports have been conflicting where two studies found correlation between mCT-measured BIC and histology-measured BIC, 12, 20 and the other two reported no correlation. 13, 18 We previously reported that a number of factors prevent accurate measurement of BIC with mCT, including the need to assess bone within 12 mm of the bone-implant interface, a metal-induced artefact zone which was greater than 12 mm, and scans with insufficiently small voxel sizes. 13 Recently introduced commercial laboratory mCT scanners have improved imaging capabilities, including smaller voxels and higher accelerating voltage. The goals of the present study were to establish a protocol for optimizing mCT imaging parameters to allow bone measurements to be made in proximity to metal implants and to validate mCT-based assessment of BIC in a rat model in which a 1.5 mm diameter titanium implant is placed in the intramedullary space.
METHODS

Optimization of Scanning Parameters to Minimize Metal Artefact
In these in vitro tests, we used an implant of the same dimensions and composition as used in our in vivo rat experiments. 21 ,22 A 1.5 mm diameter titanium (Ti) rod (Goodfellow, Coraopolis, PA) immersed in water was used to model an implant surrounded by tissue. The implant was scanned, perpendicular to its long axis, with mCT (Scanco 50, Scanco Medical, Wayne, PA). Voxel size, X-ray tube current, filtering, integration time, the number of projections/180˚and the scaling of the brightness of reconstructed images (m scaling) were varied (Table 1) to determine the parameters yielding the least amount of metal artefact. The beam hardening correction of 1,200 mg HA/CCM was applied during reconstruction. For the evaluation of each parameter, the variable in question was changed while all other scanning parameters were kept constant. The effects of X-ray tube current (200, 155, 88, and 44 mA) and filter (0.1 mm Cu and 0.5 mm Al) were tested using an isotropic voxel size of 2 mm. Then, the effect of voxel size (3.5, 2.5, 2, and 1.5 mm) was evaluated. Finally, the effects of projections/180˚(2000, 1500, and 1000), integration time (300, 750, and 1200 ms), and m scaling (2048 and 4096) were evaluated using 1.5 mm voxels.
The weighted average gray scale values were determined for consecutive concentric voxel rings around the implant. These averages decrease as a function of distance from the implant surface with high values representing zones where there are metal-induced artefacts. Imaging parameters were chosen to maximize the decrease in the weighted average grey scale values as a function of distance from the implant, targeting a greyscale value of 85 (875 HU), the minimum value for bone, on a standard 8-bit 0-255 scale.
The mCT scanner's automated program for estimating BIC evaluates bone volume per total volume (BV/TV) in four concentric rings of voxels and reports the value as the osseointegration volume per total volume (OV/TV), with the user assigning the location of the voxel rings to be evaluated (Fig. 1A) . The optimal set of voxels for evaluation of BIC mCT-OV/TV was determined by selecting the set of four concentric voxel rings which were closest to the implant, but outside the artefact zone (i.e., where the target grey scale value first dropped below 85).
Correlation Between BIC From mCT and bSEM
Specimens from previous studies in which Ti rods (1.5 mm diameter, 15 mm length, Goodfellow) had been implanted in a rat model for between 2 and 8 weeks were used. 23, 24 Specifically, we embedded the whole femur containing the implant in polymethylmethacrylate and then prepared a 1 mm thick slab from each sample by cutting perpendicular to the long axis of the bone and implant (Buehler Isomet 5000, Lake Bluff, IL). The slabs were assigned to either a training set or a validation set, each with nine specimens.
BIC was calculated from the mCT data in two different ways: A line-intersect method (BIC mCT-LI ) and the manufacturer's osseointegration/total volume (OV/TV) method (BIC mCT-OV/TV ). Briefly, for BIC mCT-LI , a test pattern with 48 evenly spaced lines radiating outward from the center of the implant through 360˚was used and each intersection of test line with the surface of the implant was scored as positive or negative for bone (Fig. 1B) . 13 BIC mCT-LI is the ratio of intersections between the overlaid grid and the bone-implant interface which score positive for bone and the total number of intersections and reported as a value between 0.0 and 
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1.0. BIC mCT-LI was determined using 3 mCT slices which were separated by 12 mm. BIC mCT-OV/TV was measured using a stack of 200 slices. The BIC mCT-OV/TV method requires choosing thresholds for segmenting the implant and bone. The choice of threshold for segmenting the implant was determined by comparing the Ti area estimated by the program with the known area of the implant cross-section. The threshold of 180 was chosen to find the best match in bone architecture between the segmented (binary) and greyscale images ( Supplementary  Fig. S1A ), which corresponded to a local minima in the attenuation histogram ( Supplementary Fig. S1B ).
The training set samples were imaged using 90 kVp, 88 mA, 1.5 mm isotropic voxel size, 1600 projections/180˚, based on the initial tests of the Ti rod in water. We tested three scan durations: 3 h (integration time ¼ 600, frame averaging ¼ 3), 2 h (integration time ¼ 600, frame averaging ¼ 2), and 1 h (68 min, integration time ¼ 750, frame averaging ¼ 1). The optimum scan duration was defined using the training set by examining the strength of correlation of BIC as determined by mCT and bSEM. Then, the validation set samples were scanned and evaluated per these parameters and correlated with the corresponding BIC values obtained with bSEM.
The slabs were prepared for bSEM by grinding to approximately 0.5 mm thickness (Phoenix 4000, Buehler, IL) and polished using a soft trident polishing cloth (Buehler, IL) with 3 mm diamond suspension irrigation fluid (Metadi fluid, Buehler, IL) and no carbon coating. The bSEM images (Hitachi S-3000N) were collected at 20 kV, 10 Pa, variable pressure. The bSEM image location corresponded to the middle mCT slice used in both mCT-based BIC determinations. BIC was assessed via the line-intersect method. 
Statistical Analysis
RESULTS
Minimization of Metal-Induced Artefact
Tube voltage was held constant at the highest available option, 90 kVp, to maximize beam penetration through the sample. Scanning current, filter, voxel size, projections/180˚, and integration time were tested with the Ti rod scanned in water. The 88 mA current reduced the magnitude of the metal-induced artefact compared to 155 and 200 mA (Fig 2A) . While the 44 mA current appeared to reduce the artefact further, it was at the expense of beam flux. Thus, the 88 mA was selected for the remaining scans. The 0.5 mm Al filter minimized the width of the metal artefact zone compared to the 0.1 mm Cu filter (Fig. 2B) . Using 88 mA and the 0.5 mm Al filter, we next tested for voxel size. The 1.5 mm voxel size minimized the width of the artefact zone compared to voxel sizes of 2, 2.5, and 3.5 mm. Use of 1.5 mm voxels resulted in a metalinduced artefact zone that extended outward 4.5 mm from the implant surface (Fig. 2C) . For each voxel size tested, an artefact zone sufficient to impair bone measurement extended outward three voxels from the implant surface. Thus, the smallest voxel size tested yielded the narrowest artefact zone. No quantitative differences were observed by increasing the projections/180˚from 1000 to 1500 to 2000 (Fig. 2D) , integration time from 300 to 750 to 1200 ms (Fig. 2E) , or reconstruction scaling between 2048 or 4096 ( Fig. 2F ) when using 88 mA, 0.5 mm Al filter and 1.5 mm voxels. Thus, the optimal scan settings were defined as 90 kVp voltage, 88 mA current, 1.5 mm voxel size, 0.5 mm Al filter, and 4096 (default) scaling. We recommend a minimum of 750 ms integration time to minimize the possibility of photon starvation.
Optimizing Scan Time in the Training Set
Using the optimal scanning parameters, we scanned the training set slabs with a combination of integration time and frame averaging that required approximately (1) (750 ms integration time, frame averaging ¼ 1, 1600 projections/180˚); (2) (600 ms integration time, frame averaging ¼ 2, 1600 projections/180˚); or (3) (600 ms integration time, frame averaging ¼ 3, 1600 projections/180˚) hours to complete. It was clear that the subjective quality of the 3 h scans was better than the 1 h scans (Fig. 3 ). Thus, we tested the effect of scan duration on the correlation between BIC as calculated with bSEM and mCT. The longer scan times did not improve the correlation (Table 2 ) so the 1 h scan duration was selected for subsequent experiments.
While no quantitative difference was measured between scans with increasing projections/180˚from 1000 to 1500 to 2000 (Fig. 2D) , qualitatively images had fewer streaking artefacts as projections/180˚in-creased. To maximize the quality of images for measurement of BIC mCT-LI , we sought to balance the number of projections/180˚with scan time. Scans with 1600 or fewer projections/180˚did not increase scan time, while scans with more than 1600 projections/ 180˚did increase the scan time. We chose 1600 projections/180˚as optimal because it maximized the number of projections collected without increasing the scan time.
Validation Set
The samples in the validation set were scanned with the optimal parameters (90 kVp, 88 mA, 1.5 mm isotropic voxel size, 1600 projections/180˚, 750 ms integration time, 4096 scaling). A statistically significant correlation was observed between BIC bSEM and BIC mCT-OV/TV (r ¼ 0.716, p ¼ 0.003, Fig. 4A ), and BIC mCT-LI (r ¼ 0.797, p ¼ 0.010, Fig. 4B ). BIC mCT-OV/TV was also correlated with BIC mCT-LI (r ¼ 0.785, p < 0.001). BIC mCT-LI underestimates low BIC bSEM values while overestimating high BIC bSEM values (slope ¼ 0.617, intercept ¼ 0.161, Fig. 4A ). In contrast, BIC mCT-OV/TV overestimates low BIC bSEM values while underestimating high BIC bSEM values (slope ¼ 1.335, intercept ¼ À0.314, Fig. 4B ). Very thin rims of bone (less than 10 mm thick) and very small gaps at the interface (less than 5 mm in width) were visible in bSEM images, but these gaps were not resolved in the BIC QUANTIFICATION BY microCT mCT images and the thin rims of bone were not easily defined (Fig. 5) .
DISCUSSION
In this study, we demonstrated the feasibility of using mCT to non-destructively evaluate BIC, preserving the bone-implant interface for other assays. While the mCT technology used in the present study enabled prediction of BIC, this technique required careful optimization of scan parameters. We used a systematic approach to optimizing mCT parameters and recommend that similar optimization be done if different scanners, implant materials, implant dimensions, or bone sites are used.
Park et al. 12 were the first group to attempt validation of mCT-generated images to measure BIC by quantitative comparison with a standard methodology, in their case histomorphometry. Their results showed that the two techniques were significantly linearly correlated although mCT underestimated BIC (r ¼ 0.855). Park, et al. 12 placed screw-shaped, commercially pure titanium implants with a length of 7 mm, and an outer diameter of 3.75 mm trans-cortically in the tibia of New Zealand white rabbits. mCT scanning was performed at a voxel size of 15.95 mm. 12 Park, et al. 12 did not comment on the presence of a metalinduced artefact. In contrast, Butz, et al. 18 reported no significant correlation between peri-implant bone volume quantified via histology and bone volume quantified via mCT using a voxel size of 8 mm for a region of interest between 0 and 24 mm from the implant surface for unthreaded, titanium implants 1 mm in diameter, and 2 mm in length placed into the femur of Sprague-Dawley rats. They attributed the lack of correlation to a titanium-induced artefact, leading to an overestimated peri-implant bone volume compared to histology. 18 Similarly, we previously reported that the metal-induced artefact extended 48 mm away from the implant surface when using a voxel size of 16 and 24 mm away from the implant surface when using a voxel size of 8 mm. 13 We also reported that to obtain an accurate estimate of BIC, the bone volume needed to be measured accurately within 12 mm of the implant surface. 13 It is not clear why the results of Park et al. 12 differ from those of Butz et al. 18 and our previous study. 13 Possible factors accounting for the differences include differences in the mCT scanner used, thresholds chosen, the implant shape, and the implant placement location.
Stadelmann et al. 20 found a strong correlation between BIC assessed via mCT and histology. This strong correlation, in contrast to our own findings which showed a moderate correlation, is attributable to differences in the implant used. In Stadelmann, et al. 20 a non-attenuating PEEK implant coated with a thin (30 mm) layer of titanium was implanted transcortically. The thin titanium layer would be expected to have a much smaller metal-induced artefact than the 1.5 mm thick titanium implant we used. 
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The findings of the present study emphasize the importance of testing mCT imaging parameters. For most parameters, there is a trade-off between reducing the size of the metal-induced artefact and other considerations including scan time, field of view for a given voxel size, and size of implant. For instance, use of a low current results in a smaller X-ray focal spot size, thereby reducing source spot blurring and improving spatial resolution. However, too low of a current could result in insufficient radiation intensity and a depressed signal to noise ratio. Thus, while 44 mA was shown to minimize the metal induced artefact, we compromised between artefact minimization and maximization of signal-to-noise ratio by selecting 88 mA. Similarly, while the 0.1 mm Cu filter could decrease beam hardening, the 0.5 mm Al filter improved image quality presumably because of increased radiation flux.
Changes to the number of projections and integration time did not yield improved correlations between bSEM and mCT, although they did result in qualitatively improved images. Theoretically, too few projections could result in missing data, leading to reconstruction artefacts, while insufficient integration time could lead to photon starvation resulting in a low signal-to-noise ratio. Despite these concerns, doubling or tripling the scan time did not result in an increased correlation between BIC measured with bSEM and mCT so we selected the most economical scan time.
By changing the m scaling, the maximum brightness of an image can be increased or decreased. Briefly, the recorded linear attenuation value (m value) is multiplied by a scaling factor (m scaling) to produces an integer value. In our study, we began with the default m scaling of 4096 and then reconstructed the images with a lower m scaling of 2048 to minimize saturation in the image. Changing the m scaling from the default of 4096-2048 did not improve the correlation between either BIC mCT-LI or BIC mCT-OV/TV and BIC bSEM .
Once the other imaging parameters were optimized, it became apparent that choice of voxel size had a major effect on determining how close to the boneimplant interface a measurement could be made. While the metal-induced artefact zone extended outward from the implant for three voxels in the present study regardless of voxel size, and in two other reports in the literature, 13, 18 the voxel size determines the physical distance that the three voxel metal-induced artefact zone extends from the interface. We suspect that minimizing the voxel size may also be beneficial by reducing errors associated with partial volume effects.
Even with a voxel resolution of 1.5 mm, very small gaps at the bone-implant interface (less than 5 mm) and very thin rims of bone (less than 10 mm) could not be easily resolved via mCT in contrast to bSEM. This discrepancy in image quality between the two modalities presumably contributes to the less than perfect correlation between bSEM and mCT assessment of BIC. Additionally, these gaps would not be accounted for when evaluating BIC mCT-OV/TV , as the voxels immediately adjacent to the bone-implant interface are excluded from analysis and this may account for the slightly better correlation when using BIC mCT-LI instead of BIC mCT-OV/TV . OV/TV, as evaluated by the mCT script, is a proxy measurement for BIC. BIC bSEM and BIC mCT-OV/TV are not equivalent because they do not measure the same region. BIC bSEM measures bone directly adjacent to the implant while BIC mCT-OV/TV measures the amount of bone in a region 4.5-10.5 mm from the bone-implant interface. Based on our previous empirical study, 13 we propose that measurement of bone volume sufficiently close to the surface of the implant provides a surrogate approximation of the amount of bone in contact with the surface of the implant. Indeed, our finding of significant correlations between bSEM and mCT in the present study supports the validity of this previous finding.
We compared bSEM and mCT using two analysis strategies. In the first instance, we used a lineintersect method with each imaging modality. In the second instance, we used the line-intersect method with bSEM and a proxy measurement (OV/TV) with mCT. In comparing bSEM and mCT using the lineintersect method, the principal differences in imaging modalities include spatial resolution and the presence of a metal-induced artefact in mCT, both of which likely limited the strength of the correlation between bSEM and mCT using the line-intersect method. These imaging differences also likely explain why small interface gaps and very thin rims of bone which could be resolved with bSEM were not easily identified in the mCT images. In addition, it is likely that slight errors in registration of the bSEM and mCT images would also have been a limiting factor. The mCT-based OV/TV method assesses bone volume in a four voxel region of interest located 4.5-10.5 mm away from the implant surface that includes 200 slices (300 mm in the longitudinal direction). The rationale for making this proxy measurement was our previous demonstration that bone volume in this region is strongly correlated with BIC. 13 The present study shows that improvements in mCT instrumentation subsequent to our earlier report 13 have reduced the width of the metalinduced artefact zone enough to permit mCT-based OV/TV to serve as a proxy of BIC. However, neither mCT analysis strategy (the line-intersect method or the OV/TV method) provides perfect correlations with BIC.
For other model systems (e.g., different species, implant geometry, or anatomic site), we recommend performing the type of optimization demonstrated here and in our previous report 13 to verify that the surrogate measurement provides a good estimation of BIC. In preliminary experiments, we have found that the distance the attenuation artefact extends beyond the implant edge is significantly impacted by the implant material, but not by implant diameter within the narrow range of diameters measured ( Supplementary Fig. S2 ).
This study demonstrates the feasibility of assessing BIC via non-destructive mCT using either manual or automated assessment of the mCT images. An advantage of the automated method includes more extensive sampling of the interface, but at the cost of somewhat reduced ability to estimate BIC. We believe that the small degradation in correlation when using the automated method is justified.
Overall mCT offers several advantages over labor intensive and destructive techniques such as histology and bSEM to measure BIC, including the ability to assess implant fixation or other end points in the same samples. A limitation of using mCT is that while both BIC mCT-LI and BIC mCT-OV/TV are correlated with BIC bSEM , the correlation values are moderate (r ¼ 0.7-0.8). In comparison studies, this level of correlation is probably sufficient, but if the true BIC value is needed, it would be necessary to use the regression equations to estimate the true BIC or to use gold standard methods. If additional endpoints are being reported, such as mechanical testing, then BIC mCT-OV/TV may be sufficient since it provides correlated information while preserving the boneimplant interface for other types of analysis.
Future studies to identify image or signal processing techniques to filter noise and extract more information from the mCT images should serve to further minimize metal-induced artefacts and may improve the ability to measure BIC non-destructively.
Importantly, this study establishes a systematic method for the optimization and validation of the measurement of BIC via mCT. This method could be employed to facilitate the use of mCT to measure BIC with other model systems and implant geometries and to enable additional comparisons between mCT-based measurements and evaluations via other techniques such as histology.
CONCLUSIONS
This study demonstrates that with optimization of scanning parameters, metal-induced artefacts can be minimized sufficiently to enable quantification of BIC via mCT.
